Mechanics of Microtubules: Effects of Protofilament Orientation  by Donhauser, Zachary J. et al.
1668 Biophysical Journal Volume 99 September 2010 1668–1675Mechanics of Microtubules: Effects of Protofilament OrientationZachary J. Donhauser,* William B. Jobs, and Edem C. Binka
Department of Chemistry, Vassar College, Poughkeepsie, New YorkABSTRACT Microtubules are hollow cylindrical polymers of the protein tubulin that play a number of important dynamic and
structural roles in eukaryotic cells. Both in vivo and in vitro microtubules can exist in several possible configurations, differing in
the number of protofilaments, helical rise of tubulin dimers, and protofilament skew angle with respect to the main tube axis.
Here, finite element modeling is applied to examine the mechanical response of several known microtubule types when sub-
jected to radial deformation. The data presented here provide an important insight into microtubule stiffness and reveal that
protofilament orientation does not affect radial stiffness. Rather, stiffness is primarily dependent on the effective Young’s
modulus of the polymerized material and the effective radius of the microtubule. These results are also directly correlated to
atomic force microscopy nanoindentation measurements to allow a more detailed interpretation of previous experiments.
When combined with experimental data that show a significant difference between microtubules stabilized with a slowly hydro-
lyzable GTP analog and microtubules stabilized with paclitaxel, the finite element data suggest that paclitaxel increases the
overall radial flexibility of the microtubule wall.INTRODUCTIONMicrotubules are one of the essential components respon-
sible for the structural and spatial organization of eukaryotic
cells. Their significant roles in many essential cellular func-
tions are well known: they are part of the machinery that
conducts mitosis and meiosis, they participate in directed
intracellular transport, and they have an integral role as
part of the cytoskeleton (1). Because of their fundamental
structural purpose, a complete grasp of the various factors
that impact microtubule mechanical properties is key to
a full understanding of their function.
For this reason, there has been considerable interest in
the rigidity of microtubules. The significant majority of
microtubule mechanical studies have relied on optical
microscopy to observe bending of whole microtubules and
directly measure flexural rigidity, with bending induced by
techniques such as thermal fluctuations, optical tweezers,
and fluid flow. However, despite the large number of micro-
tubule bending studies that have been reported, there is
no consensus value for microtubule flexural rigidity, with
values ranging over an order of magnitude from 3.7 
1024 to 35.8  1024 N$m2 for paclitaxel-free microtu-
bules and from 1.0  1024 to 32  1024 N$m2 for
paclitaxel-stabilized microtubules (2–12). The rigidity
values differ not only because of the different experimental
methods used, but also because of subtle variations in micro-
tubule assembly conditions or solution conditions.
Recently, we and other groups have explored the use
of atomic force microscopy (AFM) to study other modes
of microtubule deformation, such as radial indentation
(13–17) and localized bending (18,19). AFM provides
a unique approach because it is able to probe microtubulesSubmitted January 8, 2010, and accepted for publication June 25, 2010.
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bending experiments. We previously used AFM to compare
the structural and mechanical properties of paclitaxel-stabi-
lized microtubules with those polymerized in the presence
of guanylyl-(a, b)-methylene-diphosphonate (GMPCPP),
another stabilizing agent (14). In those experiments we
found significant differences in both morphology and
radial stiffness between paclitaxel- and GMPCPP-stabilized
microtubules, which could plausibly be caused by changes
in the material properties of the tubulin polymer (e.g., effec-
tive Young’s modulus) or in the microtubule structure. There
are several structural motifs that differ between paclitaxel-
and GMPCPP-stabilized microtubules and could impact
their radial stiffness, including variations in protofilament
number, tubulin helical rise, and protofilament orientation.
To investigate the relative mechanical changes induced
by microtubule structural motifs and explore the indenta-
tion of microtubules more fully, we employed finite element
modeling (FEM) to examine several known microtubule
types and determine their mechanical response to radial
deformation. FEM is a common method of choice for
describing the mechanics of biological systems, including
cells (20,21), viral particles (22–24), macromolecules
(25), and lipid nanotubes (26), at the micrometer and nano-
meter scales. Of relevance to work presented here, several
studies have used FEM (e.g., in nanoscopic bending (19,27)
and radial indentation (13,15) experiments) to interpret
deformation of microtubules. Here, we use FEM to describe
the relative effects of microtubule radius and protofilament
skew on radial indentation experiments conducted with
AFM, with a focus on interpreting experimentally observed
differences in the effective radial spring constant of the
microtubule wall (kMT) in different microtubule types. The
results presented are then applied more broadly to address
the long-range effects of stabilization with paclitaxel.doi: 10.1016/j.bpj.2010.06.065
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Because variability of structure across different microtubule
types is central to this work, we provide a brief overview
here. Microtubule structure is well established (28–30): het-
erodimers of the protein tubulin are associated longitudi-
nally into protofilaments, and eight to 17 protofilaments
associate laterally to form the hollow microtubule cylinder
(31). Microtubule assembly aligns protofilaments approxi-
mately parallel to the main microtubule axis, with adjacent
protofilaments slightly offset longitudinally (by ~1 nm),
resulting in a microtubule lattice that is a pseudohelix of
tubulin dimers.
Within this general structural blueprint, both in vivo and
in vitro microtubules can assemble into a wide range of
different configurations (31–35), each characterized by a
unique number of protofilaments (N) and/or helix start num-
ber (S). These different microtubule types (labeled using the
configuration N_S) adopt varying degrees of protofilament
skew relative to the main microtubule longitudinal axis to
maintain favorable tubulin-tubulin interactions (28). Skew
angles are generally restricted to <2 because of the sig-
nificant bending required in the protofilaments for skew
angles outside of this range. All known microtubule types
adopt skewed protofilament geometries, with the exception
of the 13_3 microtubule. A schematic of a skewed microtu-
bule lattice is depicted in Fig. 1 A, in which a- and b-tubulin
monomers are labeled and a single protofilament is
highlighted.
The microtubules found in vivo are most frequently 13_3,
although this can vary across species and cellular conditions
(31,36,37). Several studies (33,34,38–43) have shown that
the principal N_S microtubule configuration is sensitive
to both assembly and stabilization conditions in vitro. For
example, assembly of microtubules in the presence of pacli-
taxel results in a population of microtubules in which 12_3
is the most common type (38–41). More recent evidenceFIGURE 1 Representations of a skewed microtubule lattice. (A) Sche-
matic of a 15_4 microtubule, highlighting a single protofilament in dark
gray, which is skewed 1.81 with respect to the main longitudinal axis of
the microtubule. A single helical turn is highlighted in light gray. (B) The
same type of 15_4 microtubule, 500 nm in length, as described for FEM.
Depicted are the initial model (left) and after 3 nm of indentation (right).
In the indented microtubule, lighter shades of blue indicate regions of
high stress. Inset: Cross-sections of the tubes before and after indentation,
with stress indicated by color.also suggests that paclitaxel can drive the rearrangement
of microtubules from mostly 13_3 to mostly 12_3 when
the drug is added to preassembled microtubule samples
(41). Whereas paclitaxel reduces the protofilament number,
GMPCPP induces an increase in the average protofilament
number. Assembly of microtubules in the presence of this
slowly hydrolyzing nucleotide analog can result in microtu-
bule populations with >95% 14_3 microtubules (43).MATERIALS AND METHODS
Finite element modeling
All finite element calculations were performed using COMSOL Multiphy-
sics 3.4 (COMSOL, Burlington, MA). To establish basic scaling relation-
ships in simple, three-dimensional geometries, for the initial models we
employed a set of thick-shelled cylinders without protofilaments, with
varying inner radii (8–11 nm) and wall thicknesses (0.5–2.0 nm), using
a linear, isotropic material with a Young’s modulus (E) of 0.6 GPa. This
value was chosen based on previous FEM studies (13,15) and because for
realistic geometries it produces values for kMT that correlate well with
experimental data. The tubes were immobilized on the bottom along their
length and subjected to radial indentation from the top with parabolic
tips. These models were useful for comparison with previously reported
FEM studies (13,15) and for determining the appropriate meshing parame-
ters and element sizes to achieve more realistic microtubule models.
Protofilament-containing microtubule models were constructed with the
same material properties, with a cross-sectional geometry as depicted in the
inset of Fig. 1 B. This cross-section was used based on previous FEM
studies of microtubules (13,15,16) and is an approximation of the microtu-
bule cross-section determined using crystallographic and cryoelectron
microscopy data, which showed a lateral association between protofila-
ments through thin bridges of ~1 nm thickness, a roughly corrugated outer
surface, and a relatively smooth inner surface (28–30). The basis for the
microtubule body was a 1.1 nm thick cylindrical shell, with a radius that
depended on the number of protofilaments. Protofilament cross-sections
were defined as hemi-ellipses protruding 3 nm from the main tube shell,
providing the microtubule cross-section with a total thickness of 4.1 nm
at the thickest part of the protofilament. The N protofilaments were spaced
equally around the outer radius of the main shell at a distance of 360/N.
In accord with previously published FEM studies (15,19), the substrate
underlying the microtubule in an AFM experiment was modeled by fixing
the position of the bottommost surface(s) of the tube. The average radii of
the cylindrical shells were selected based on published effective microtu-
bule radii (35). The average radius (Ravg) was calculated numerically using
the outer radius and inner radius (Rin) of the shell cross-section at all radial
angles. The average radius values ranged from 8.27 nm for a 10_2 micro-
tubule to 12.17 nm for a 15_4 microtubule and are listed in Table 1.
Three-dimensional microtubule models were produced by extruding theTABLE 1 Summary of microtubule types modeled
type t (nm) Ravg (nm) Rin (nm) Skew (
o) kMT (N/m)
10_2 2.75 8.27 6.90 1.5 0.114
11_2a 2.82 8.82 7.42 2.11 0.104
11_2b 2.80 8.89 7.50 0.53 0.103
12_2 2.76 10.01 8.64 1.02 0.081
12_3 2.73 10.18 8.81 0.85 0.077
13_3 2.79 10.72 9.32 0 0.073
14_4 2.83 11.35 9.94 0.87 0.067
14_3 2.79 11.59 10.19 0.68 0.063
15_4 2.83 12.17 10.75 1.81 0.060
15_3 2.84 12.19 10.78 1.33 0.060
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1670 Donhauser et al.cross-section to a total length of 500 nm. Protofilament skew was intro-
duced using a twist operation during the extrusion. Skew angles used in
this study were based on reported values and are reported in Table 1
(33,35). Whenever possible, we took advantage of symmetry (e.g., for
a 13_3 microtubule) and reduced the model size to a quarter tube.
The AFM tip was modeled as a rigid (E¼ 2 1011 GPa) paraboloid with
a radius of 20 nm positioned at the center of the microtubule. To induce
microtubule indentation, the tip position was offset radially into the tube,
and contact between the tip and microtubule was modeled using a standard
contact penalty method (15). In this method, the contact pressure varies
exponentially with gap distance between the tip and tube, and when it is
in intimate contact the surface of the softer tube obeys the boundary estab-
lished by the much stiffer tip. The total force was obtained by integrating
the vertical component of the load over the contact area. The final whole
microtubule models consisted of 80,000–100,000 elements, with element
dimensions ranging from ~0.5 nm near the tip-microtubule contact to
~5 nm in regions at the microtubule ends.Indentation
FIGURE 2 Force-versus-indentation plots during tip approach (blue) and
retraction (green). Shown here are representative curves for (A) a paclitaxel
microtubule and (B) a GMPCPP-microtubule. In both A and B, a nearly
linear elastic response is observed during application of low force. (C)
Application of higher force to the same GMPCPP microtubule results in
discontinuities corresponding to tube collapse or rupture.Atomic force microscopy
For the representative AFM data presented below, preparation of GMPCPP-
and paclitaxel-microtubule solutions and AFM was performed as previ-
ously described (14). Briefly, aqueous microtubule solutions (final tubulin
concentration: 0.2–40 mg/mL) were dropped on amine-silanized mica
sheets (Ted Pella, Redding, CA). AFM imaging and force data collection
were performed using a Veeco Multimode/Nanoscope IIIa (Veeco
Metrology, Santa Barbara, CA) operating in tapping mode under buffer.
During force-data collection, tip oscillation was turned off and cantilever
deflection was recorded as a function of sample z-position during tip-
sample approach and retraction. Flexible silicon nitride cantilevers with
nominal spring constants of 0.06 N/m (NP or NP-S cantilevers; Veeco
Metrology, Santa Barbara, CA) were used and calibrated by the reference
cantilever method (44). Raw data containing cantilever deflection as a
function of distance were converted to indentation as a function of distance
by comparison with cantilever sensitivity curves collected on bare mica
after each experiment.RESULTS AND DISCUSSION
In previous AFM experiments we examined paclitaxel- and
GMPCPP-stabilized microtubules and found average values
of effective radial spring constant (kMT) of 0.075 0.03 N/m
and 0.17 5 0.05 N/m, respectively, for the two types (14).
Here, we provide representative indentation data from
AFM experiments on paclitaxel- and GMPCPP-stabilized
microtubules for comparison with modeling data. The force
data are depicted in Fig. 2, with approach data shown in blue
and retraction data shown in green. The application of low
force (Fig. 2, A and B) results in elastic indentation and
reveals the effective spring constant (kMT) as the slope of
the indentation region. Fig. 2, A and B shows indentation
of a paclitaxel- and a GMPCPP-microtubule with kMT of
0.076 N/m and 0.197 N/m, respectively. These values are
representative of the many indentation experiments per-
formed on the two types of microtubules (14). Subsequent
application of higher force to the same GMPCPP-microtu-
bule results in an abrupt discontinuity in the force-indenta-
tion curve, which is associated with buckling of the
microtubule under the applied load. After the tube collapses
completely, the force rises without additional indentation,Biophysical Journal 99(5) 1668–1675indicating that the AFM tip is in contact with the mica
beneath the microtubule. Retraction curves (indicated in
green) show similar discontinuities, although at lower force.
Reimaging of the same microtubule can reveal whether
these retraction discontinuities represent full or partial
restoration of the microtubule cylinder. Our FEM models
describe elastic indentation, as in Fig. 2, A and B, but do
not accurately describe the highly nonlinear buckling events
shown in Fig. 2 C.
A physical description of radial indentation of microtu-
bules by AFM was provided by de Pablo et al. (13) and
Schaap et al. (15), who used a combination of an analytical
description of thin-walled cylinders and FEM to describe
the relationship between the effective spring constant
of the microtubule wall, kMT, and the effective Young’s
modulus of the microtubule, E, as:
kMT
ER
yC
 t
R
n
(1)
where R is the tube radius and t is the wall thickness. C is
a dimensionless prefactor that varies based on the specific
boundary conditions and tube geometry, and n is a scaling
exponent. For tubes with negligible wall thickness, symmet-
rical indentation with point forces yields Cz 1 and n¼ 3/2.
Thin-shell FEM was used to validate our results against
previous work (15) and to verify that this relationship
applies to asymmetric indentation, where the tube is sup-
ported along its length underneath and indented from above
(data not shown).
To address the differences in kMT between paclitaxel- and
GMPCPP-stabilized microtubules, our initial FEM models
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FIGURE 3 Response of thick-walled tubes to
asymmetric radial indentation. Tubes of varying
thicknesses (A and C) and radii (B and D) were
indented up to 5 nm and the scaling relationships
were examined. (A) Force versus indentation for
tubes of the thicknesses indicated, each with an
inner radius of 8.4 nm. Slopes of the lines were
calculated from Eq. 1. (B) Force versus indentation
for tubes of radii indicated and t ¼ 1.6 nm (offset
for clarity). (C) Least-squares fitting of the data
from A to Eq. 1, showing variation in the exponent,
n (~2.5), and prefactor, C (~0.7-1), as a function of
indentation depth. (D) Least-squares fitting of the
data from B.
Microtubule Protofilament Orientation 1671focused on the effect of changing the wall thickness (t) and
tube radius (R). Some deviations from Eq. 1 are expected for
tubes with finite wall thickness indented with finite-sized
tips. Factors that cause deviations from thin-shell behavior
can be grouped into two categories: those that lead to rela-
tive stiffening of the tube and an increase in kMT relative
to Eq. 1, and those that lead to a relative softening of the
tube and a decrease in kMT. Of relevance to our experiments,
it was previously reported that stiffening may arise from
the finite contact area of the indenting tip or underlying
substrate, and softening can arise from compression of the
tube wall, buckling of the tube, or bending of protofilaments
out of the tube wall (15). During indentation of the tube, the
net deviation from Eq. 1 is determined by the balance of
factors that lead to softening and stiffening for a specific
geometry. We evaluated these effects in geometries compa-
rable to AFM experiments, modeling indentation for a series
of thick-walled tubes (t ¼ 0.5–2.0 nm, R ¼ 8–11 nm)
indented by a 20 nm parabolic tip. The results of these
models are shown in Fig. 3.
In actual AFM experiments, the total amount of indenta-
tion that is possible is limited by tube collapse, which typi-
cally occurs with small indentations (<5 nm). Thus, to
examine the precollapse, elastic indentation region, indenta-
tion is only modeled up to 5 nm. For indentation up to 5 nm
of thick-walled tubes with dimensions comparable to micro-
tubules, deviation from Eq. 1 is dominated by wall compres-
sion, leading to a net softening effect (Fig. 3, A and B), and
a lower slope than expected in comparison with thin-walled
tubes. The absolute magnitude of this effect is only slightly
more significant in tubes with larger radii, yet it depends
more markedly on wall thickness in our models.
Even with this deviation, the thick-shell indentation data
show the validity of using a thin-shell approximation to
describe indention of microtubules. Although the indenta-
tion curves are slightly nonlinear, kMT can be approximated
as the average slope at each indentation depth. The scaling
relationships between kMT and R and t were examined byfitting to Eq. 1 to determine the effective scaling exponent,
n, and the prefactor C. As indicated in Fig. 3, C and D,
increasing indentation depth leads to increases in both
n and C, which range in value from 2.4–2.7 and 0.7–1.1,
respectively. Some variation for n and C is unsurprising
given the more complicated deformation behavior of thick
tubes; however, to a reasonable approximation, the scaling
behavior and indentation behavior are described by Eq. 1.
These data also indicate the range of reasonable values for
n and C that might be expected for indentation of more-
complex cylindrical structures like microtubules. Under-
standing reasonable ranges of values for n and C could
also be useful for developing more-sophisticated mathemat-
ical models of microtubule indentation.
To examine more-realistic microtubule-like tubes, we
modeled hollow cylinders with a roughly corrugated outer
surface to closely represent the striated protofilament struc-
ture of microtubules. The skew and radius of these tubes
were systematically varied to match the geometry of micro-
tubules found in vitro (35). A summary of the 10 tubes
modeled can be found in Table 1 and the results are shown
in Fig. 4. This series of tubes allows simultaneous analysis
of changes in radius, protofilament number, and skew, and
examination of the sensitivity of AFM to the specific micro-
tubule geometry during nanoindentation. For the geometries
modeled, we find wide variability in the values of kMT, with
values ranging from 0.06 to 0.11 N/m (Fig. 4 A). More
significantly, there is no obvious correlation between skew
angle of the protofilaments and kMT. However, when kMT
is considered only as a function of tube radius, scaling
similar to that of a simple hollow cylinder is revealed,
despite the different protofilament geometries. Defining
kMT as the average slope of these indentation data allows
a least-squares fit to the modeling data, and we find that
for an indentation depth of 3 nm, n ¼ 2.48 5 0.03 and
C ¼ 1.05 5 0.05. This compares very favorably with the
same values for thick-walled cylinders at this indentation
depth.Biophysical Journal 99(5) 1668–1675
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FIGURE 4 (A) Effective spring constant as a function of protofilament
skew angle for the set of microtubule types described in Table 1. Values
for kMTwere estimated using a linear fit after 3 nm of indentation. The rela-
tive standard error in the fits is ~3%, so error bars are smaller than the data
points. (B) The same spring constant data normalized against radius and
modulus and plotted against t/R. The line corresponds to a least-squares
fit to the data using Eq. 1, where n ¼ 2.485 0.03 and C ¼ 1.055 0.05.
1672 Donhauser et al.To further exclude the effects of skew on the measure-
ment of kMT, a set of tubes were modeled with constant
radius (Rin ¼ 9.32 nm) and with skew ranging from 0 to
2 (the range observed experimentally (33)). It should be
noted that these tubes do not correspond to any known
microtubule types; they were used to isolate the effect of
skew alone. In these models, the indentation curves were
nearly identical, with an average deviation in kMT of <1%
between tubes (data not shown). This is well below the error
inherent in a typical AFM nanoindentation experiment, in
agreement with the FEM results in Table 1, and confirms
that skew is not a relevant factor in curve-to-curve or
sample-to-sample variability in experimental AFM force
curves. These results correlate well with previous descrip-
tions of microtubule buckling during bending, where
the helix start number does not affect the critical buckling
force (27).
Our models do not take into account excess mechanical
stress (prestress) that may accompany skewed protofila-
ments (33). For the small indentations modeled here,
prestress should not affect microtubule response; it shouldBiophysical Journal 99(5) 1668–1675only be a significant factor for microtubules stressed into
the nonlinear elastic regime (15), such as that shown in
Fig. 2 C. For higher applied forces in AFM experiments,
excess mechanical stress in the microtubule lattice may
impact properties such as the critical buckling force; how-
ever, our goal here was to examine only the elastic indenta-
tion response. Further, a previous study (35) that proposed
the presence of prestress focused on microtubule samples
in which 13_3 was the dominant type. In those samples,
the observed distribution of microtubule types was hypoth-
esized to be a result of mechanical stress-induced excess
free energy. However, alternative stabilization methods
result in distinct distributions of microtubule types, and
likely affect bond structure, energetics, and stress distribu-
tion in the microtubule lattice (35,38–43). For example, in
the case of GMPCPP stabilization compared to paclitaxel
stabilization, the least excess stress could plausibly be
14_3 and 12_3, respectively.
The data presented here were also obtained from models
in which the contacting surface between the microtubule
and the substrate was modeled using a minimum of immo-
bilized contact area. To determine the effect of contact
surface on the radial stiffness, we also modeled a series of
microtubules in which up to three of the bottom protofila-
ments were fixed in position, simulating microtubules that
are more strongly immobilized to the underlying surface
(see Fig. S1 in the Supporting Material). Even in these
cases, the scaling described by Eq. 1 is maintained, albeit
with values of n and C that are significantly higher than
expected for thin shells. Thus, all of our models suggest
that the dominant factor in determining microtubule radial
stiffness in each of these experiments is the tube dimension
(t/R) and not skew.
Our modeling results suggest that the subtle effect of pro-
tofilament skew is undetectable in AFM indentation exper-
iments. The FEM results presented here and in previous
works (13,15) offer clear evidence that microtubule radius
and wall thickness are key factors in determining the radial
stiffness. It follows that an important question to consider is
whether the dimensions of microtubules measured in AFM
accurately reflect their actual physical dimensions. In fact, it
is difficult to directly and unambiguously assign microtu-
bule types or dimensions using AFM data. The technique
is notoriously unreliable for assigning the true lateral dimen-
sions of objects with high aspect ratios, such as microtu-
bules, due to convolutions with the AFM tip shape (45).
Further, assignment of microtubule diameter based on
height in AFM images may also be inaccurate because topo-
graphic information is convolved with the stiffness of
objects under the tip; that is, under given load, stiffer objects
appear taller. It may be feasible to directly assign protofila-
ment skew from AFM images; indeed, in the best AFM
images, with small image sizes and high spatial resolution,
it is possible to resolve protofilaments on the top surface of
the microtubule (15,46,47). However, distortions in AFM
Microtubule Protofilament Orientation 1673images due to nonlinearities in the piezoelectric scanner or
effects such as thermal drift make it difficult to definitively
assign small skew angles (<2) without imaging the micro-
tubule lattice over long distances. Although we have
obtained images that resolve individual protofilaments, at
present we have been unable to unambiguously assign
protofilament skew from AFM data, and to our knowledge
there have been no reports of direct assignment of the micro-
tubule lattice type from AFM images.
Known distributions of microtubule types in solution
could also provide an indirect avenue to deduce distribu-
tions of microtubule types that are surface-immobilized
for an AFM experiment. The limitation in this approach is
that AFM is perturbative by nature and likely biased toward
more stable microtubule types. For example, 13_3 microtu-
bules may be overrepresented (compared to solution) in
AFM experiments due to their energetic stability and ability
to withstand AFM imaging (15,35). Indeed, some previous
AFM studies focused the description of microtubule inden-
tation only on the prototypical 13_3 microtubule (15,16).
This is the most common microtubule found in vivo, and
it is the microtubule geometry most easily described compu-
tationally because it contains two symmetry planes that can
be exploited to reduce the size of FEM calculations. For
most microtubules prepared in vitro, however, paclitaxel is
used as a stabilizing agent, and thus samples likely contain
12_3 microtubules as the predominant type (38,40,41).
Additionally, 14_3 microtubules are also important to our
work (14) because GMPCPP strongly induces their forma-
tion (43). Simply on the basis of the known distribution of
microtubule types found in solution, it is reasonable to
assume that AFM experiments with GMPCPP-stabilized
microtubules are examining microtubules with different
geometries than paclitaxel-stabilized samples. Additionally,
the microtubule lattice type may vary within individual
microtubules (34), and we have reported changes in micro-
tubule diameter in AFM images (14) that were attributed to
changes in protofilament number. Finally, the reported
spread of measured microtubule radii and kMT values in
many AFM studies would indicate that several microtubule
types are being sampled (14–16).
Although we cannot directly assign microtubule type in
our microtubule samples using AFM, we can arrive at
some reasonable hypotheses for the origin of the difference
in stiffness observed for GMPCPP- compared to paclitaxel-
stabilized microtubules. The FEM results presented in Fig. 4
indicate that the subtle effect of protofilament skew is unde-
tectable in AFM indentation experiments, thus ruling out
skew as a cause for changes in kMT. The most obvious other
geometric effects to consider are the tube radius or effective
wall thickness. In the case of radius, we note that we
observed with AFM that surface-immobilized GMPCPP
microtubules have a larger average radius than paclitaxel
microtubules (14), in qualitative agreement with a larger
radius of 14-protofilament compared to 12-protofilamentmicrotubules. However, according to Eq. 1, this should con-
tribute to a decreased stiffness for GMPCPP microtubules
and cannot explain the effect we observe. The stiffness vari-
ation we observe would require that the effective wall thick-
ness change by a factor of ~1.5. At the single protein level,
we interpret this as a change in number of intermolecular
interactions across the interprotofilament interface. How-
ever, recent studies indicate that paclitaxel induces only
subtle changes at the interprotofilament interface, caused
by displacement of the M-loop, a 16-residue segment near
the paclitaxel-binding site (48,49).
The final factor that could contribute to changes in inden-
tation stiffness is a change in the effective Young’s modulus
of the polymeric tubulin material. This could plausibly
come from a global change in the modulus of the protein,
or from a change in effective stiffness local to regions of
high stress. Our FEM models verify previous studies (15)
that located most of the indentation-induced stress at the
interprotofilament bridges (indicated in Fig. 1 B, inset).
Binding of paclitaxel occurs near the interprotofilament
interface and is the likely candidate for softening of this
interface, causing a reduction in effective modulus. Recent
studies have indicated that paclitaxel may reduce conforma-
tional flexibility of peptide chains local to its binding site,
but it may simultaneously have a more global softening
effect, increasing conformational flexibility in regions of
the tubulin dimer distal to paclitaxel binding (48,49) and
pointing to paclitaxel as a chemical agent capable of modi-
fying the inherent modulus of tubulin. If this is the case,
during AFM mechanical measurements, GMPCPP-stabi-
lized microtubules may better represent the mechanics of
native unstabilized microtubules than those using pacli-
taxel-stabilized microtubules. To confirm this effect, we
are currently investigating unstabilized GTP-containing
microtubules with AFM, which present unique challenges
because of their inherent instability. Of similar importance
is the correlation of specific microtubule type, skew, or
radius with measured values of indentation stiffness. These
types of experiments could directly corroborate the model-
ing results presented here and offer more detailed insight
into microtubule mechanics.
Our results can also be compared with more macroscopic
measurements of the bending of whole microtubules, which
have produced a range of values for flexural rigidity. With
appropriate simplifying assumptions about microtubule
structure and physical properties, it is possible to use flex-
ural rigidity values to estimate more general material prop-
erties such as Young’s modulus. Most commonly, bending
experiments are interpreted by describing microtubules as
homogeneous isotropic hollow cylinders with a well-defined
moment of inertia (For example, describing a microtubule as
a cylindrical tube with an outer diameter of 25 nm and
a 12.5 nm inner diameter results in a moment of inertia of
1.7  1032 m4.). With these considerations, most studies
(2,5,8–10) report that paclitaxel decreases the effectiveBiophysical Journal 99(5) 1668–1675
1674 Donhauser et al.Young’s modulus, whereas stabilization with microtubule
associated proteins or GMPCPP increases the effective
modulus (3,5,8,9). To our knowledge, only one bend-
ing study has directly compared paclitaxel-stabilized with
GMPCPP-stabilized microtubules (3). That work reported
a change in flexural rigidity by a factor of 1.8, which, if
microtubules are treated as isotropic cylinders, would corre-
spond to a change in the elastic modulus by the same
amount. Indeed, if stabilization-induced changes in flexural
rigidity are caused by changes in Young’s modulus, the
effect may be significant.CONCLUSIONS
The FEM data presented above provide evidence that micro-
tubules behave as simple hollow cylinders with walls of
finite thickness during local radial indentation. They also
indicate that the presence of protofilaments and their orien-
tation have little or no effect on radial indentation data
obtained with AFM. These results allow for improved inter-
pretation of measurements of microtubule stiffness with
AFM. Additionally, they allow us to examine published
AFM data comparing paclitaxel- and GMPCPP-stabilized
microtubules to deduce that differences in indentation
stiffness are not brought about by subtle geometric changes.
Future FEM models that eliminate protofilaments and
simply use a thick-shell model will be able to provide an
accurate description of microtubule deformation, signifi-
cantly reducing the model size and computation time.
Finally, our measurements suggest a net softening effect
induced by paclitaxel that may be an important key to under-
standing the mechanism by which it stabilizes microtubules.SUPPORTING MATERIAL
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